I
nvariant CD161ϩ T cells are reported to be important in the regulation of T helper cell (Th) Th1͞Th2 bias (1) . In several murine models of autoimmunity, CD161ϩ V␣14J␣281 T cells were shown to be present in diminished numbers and to further decrease in frequency before the onset of disease (2) (3) (4) . When this population of cells was transferred from either nonobese nondiabetic (NOD) or nonobese diabetic͞V␣14J␣281-transgenic donors to prediabetic animals, the recipients were protected from diabetes (4, 5) . This transfer of protection was significantly inhibited by the coadministration of anti-IL-4 antibodies (6) .
Humans have a homologous invariant (i.e., with no N region additions) CD161ϩV␣24J␣Q T cell population whose restriction element, like that for the murine CD161ϩV␣14J␣281 T cells, is the nonpolymorphic class Ib molecule CD1d (7) . We recently demonstrated that in five sets of monozygotic twins and triplets discordant for type 1 diabetes, invariant V␣24J␣Q T cells were present at significantly higher frequencies in the nondiabetic siblings (8) . Moreover, V␣24J␣Q T-cell clones from the nondiabetic siblings secreted both IL-4 and IFN-␥, whereas those derived from the diabetic siblings had an extreme impairment in the ability to secrete IL-4. To delineate differences in gene expression that might account for the discordant phenotype and to ask whether the loss of IL-4 secretion was the only defect, a comprehensive analysis of T cell activation was undertaken in a representative clone pair derived from these disease-discordant twins.
Methods
Antibodies. Anti-V␣24, -V␤11, and -␣␤TCR were purchased from Immunotech (Westbrook, ME). Anti-CD4, -CD8, and -CD161 were purchased from PharMingen. Anti-CD3, clone UCHT1, was purchased from Ancell (Bayport, MN), and IgG1 control was purchased from Sigma.
Flow Cytometry. Stained cells were analyzed on a FACScan cytometer (Beckton Dickinson), and single-cell sorting and calcium flux determination was performed by using a MoFlo cytometer (Cytomation, Fort Collins, NJ) as described (8) .
Cell Culture. Single V␣24-positive, CD4͞8-negative single-cell sorts were grown on irradiated allogeneic feeders at 50,000 cells per well with 5,000 cells per well irradiated (5,000 rads) 721.221 lymphoblastoid cells with 1 g͞ml PHA-P, IL-2, and IL-7 each at 10 units͞ml (Boehringer Mannheim) and propagated as described (8) . Clones positive for V␣24 and NKR-P1A by f low cytometry and a V␣24J␣Q CDR3 T cell antigen receptor sequence were assayed for cytokine secretion in C1R͞CD1d restriction experiments. For cytokine secretion and inhibitor studies, V␣24J␣Q T cell clones GW4 (nondiabetic) and ME10 (diabetic) at 5 ϫ 10 4 cells per well were activated with plate-bound anti-CD3 or Ig control at 1 g͞ml. Secreted IL-4 and IFN-␥ were assayed by ELISA after 4 h of activation as described (8) . Optimal concentrations of inhibitors previously were determined by inhibitor dose-response experiments. The concentrations of inhibitors used were 10 nM wortmannin; 10 M LY294002; 50 M PD98059, a mitogen-activated protein kinase kinase inhibitor; and 50 M SB203580, a p38 kinase inhibitor. The concentrations of phorbol ester and calcium ionophore used were 1 ng͞ml phorbol 12-myristate 13-acetate (PMA) and 1 g͞ml ionomycin. Cyclosporin A (CsA) was used at 5 ng͞ml. Calcium f lux was determined by loading cells with indo-1 as per the manufacturer's specifications (Molecular Probes), followed by activation with anti-CD3 at 10 g͞ml. Maximal calcium f lux was determined by the addition of ionomycin.
Messenger RNA Expression. V␣24J␣Q T cell clones GW4 and ME10 (1 ϫ 10 7 cells) were activated for 4 h with 10 g͞ml soluble anti-CD3 or control IgG. Optimal concentrations of anti-CD3 previously were determined by dose-response experiments measuring cytokine secretion. Total RNA was isolated with Qiagen RNeasy kits. Total RNA then was converted to double-stranded cDNA by priming with an oligo(dT) primer that included a T7 RNA polymerase promoter site at the 5Ј end (11) . The cDNA was used directly in an in vitro transcription reaction in the presence of biotinylated nucleotides to produce labeled cRNA (antisense RNA), which was hybridized overnight to Genechips (Affymetrix, San Jose, CA). After staining with phycoerythrin-streptavidin, the f luorescence of bound RNA was quantitated by using a Genechip Reader (a modified confocal microscope; Affymetrix).
Results and Discussion
To identify which of the known signaling cascades initiated by T cell antigen receptor ligation played a dominant role in IL-4 secretion, a series of inhibitor studies was performed. Inhibitors of specific kinase cascades were used in conjunction with anti-CD3 stimulation. Both phosphoinositide-3-OH kinase (PI3-kinase) inhibitors wortmannin and LY294002 blocked anti-CD3-induced IL-4 secretion from the IL-4ϩ clone, but had no effect on the secretion of IFN-␥ from either the IL-4ϩ or IL-4-null clones (Fig. 1) . In contrast, inhibition of the mitogen-activated protein kinase kinase by PD98059 or the JNK and p38 cascades with SB203580 (9, 10) had no effect. After inhibition of PI3-kinase, IL-4 secretion could be rescued in the IL-4ϩ clone by the inclusion of the phorbol ester PMA or the calcium ionophore ionomycin. Neither of these substances alone or in combination repaired the defect in IL-4 secretion from the diabetic-derived clone ME10. In addition, V␣24J␣Q T cell clones derived from diabetic individuals had a diminished capacity to accumulate intracellular calcium after anti-CD3 stimulation (Fig. 1) . These data suggest that the observed discordant IL-4 phenotype seen after T cell antigen receptor ligation cannot simply be located upstream of PI3-kinase, and the differences are likely to include proteins that regulate calcium flux.
Because the defect in IL-4 secretion was likely the result of multiple differences, a representative clone pair was chosen for intensive analysis with DNA microarrays that monitor the expression of Ϸ6,800 genes (Unigene collection; National Center for Biotechnology Information, Bethesda, MD). The DNA microarrays provide a practical and reproducible approach for large-scale study of complex differences in gene expression (11) (12) (13) (14) . Expression profiles were determined after 4 h of stimulation with anti-CD3 or control IgG. This time point was selected because it was used in a previous analysis of cytokine secretion in clones derived from monozygotic twin pairs discordant for type 1 diabetes (8) . The number of genes with detectable expression either before or after stimulation was nearly identical for the IL-4 null and IL-4-secreting clones (1,523 and 1,558, respectively). As expected, the frequency of the majority of transcripts was unchanged. Interestingly, only about 2͞3 of this set (988) were shared between the two clones. The number of genes whose expression after anti-CD3 stimulation was found to increase or decrease by at least 2-fold relative to unstimulated genes were 86 (6%) and 226 (15%) in the IL-4-null and IL-4ϩ clones, respectively.
To more thoroughly analyze the differences in gene expression between the IL-4-null and IL-4-secreting clones, genes were grouped into six distinct expression patterns, by using the Self-Organizing Map algorithm ( Fig. 2) (15) . All genes modulated at least 2-fold on anti-CD3 stimulation in either the IL-4-secreting or IL-4-null clones were clustered according to the relative behavior of each gene in the two clones. The first panel of Fig. 2 displays the results for all genes meeting the 2-fold criterion, and the other 11 panels show the results for specific functional classes. The dominant pattern that emerged is represented in row 1, column 2, and contains genes that were up-regulated upon activation in the IL-4-secreting clone but that were nonresponsive to stimulation in the IL-4-null clone. This finding was true for all functional classes examined, indicating a profound defect in transcriptional induction for a large number of genes in the IL-4-null clone. However, examination of the other five clusters revealed that the transcriptional dysregulation in the IL-4-null clone is more complex than merely a global nonresponsiveness, as evidenced by a group of genes that were induced in this clone but not in the IL-4-secreting clone (row 1, column 1) and by a group that contained genes that were down-regulated in the IL-4-null clone but up-regulated in the IL-4-secreting clone (row 2, column 2). Clearly, the IL-4-null clone is able to respond to stimulation through the T cell receptor. The identity of the genes in each cluster for the 11 functional classes is listed in Table 1 .
An identification of the pattern of genes activated in a particular cell type may provide information predictive of the function of that cell. The suggested primary effector function of invariant CD161ϩ T cells, direct regulation of T cell Th2 bias, is thought to be mediated in part by burst secretion of IL-4 in response to CD1d without prior IL4 priming (1) . This concept as the in vivo function for these cells has been controversial for several reasons, among which are the observations that CD1d knockout mice retain the ability to mount antigen-specific Th2 responses and that natural killer T cells have a demonstrated role in tumor surveillance (16) (17) (18) . When examined on the DNA microarrays, activation of V␣24J␣Q T cell clones by anti-CD3 resulted in significant changes in transcripts of the cytokine͞ chemokine family. Changes in gene expression patterns in this category are particularly relevant given the association of cytokine secretion and the in vivo function for these cells. Marked differences in the expression of genes in this category were found when comparing the IL-4ϩ with the IL-4-null clone (Fig. 3) . The transcriptional changes noted in macrophage inflammatory protein-1␣, macrophage inflammatory protein-1␤, tumor necrosis factor-␣, tumor necrosis factor-␤, IL-5, IL-13, and granulocytemacrophage colony-stimulating factor each have been verified at the protein level by ELISA (our unpublished data). When comparing clones from the disease-discordant twins, robust changes were detected in several transcripts in the IL-4-null clone, including those in common with the IL-4-secreting clone, and a total of 1,523 transcripts were present at significant levels, 535 of which were unique to the IL-4-null clone. In addition, the clone pairs secreted equivalent amounts of IFN-␥ in response to anti-CD3. Importantly, if a significant portion of the effector function of CD161ϩ V␣24J␣Q T cells occurs through cytokine secretion, then the IL-4-null clone has failed to engage the complete spectrum of differentiated function. Recently, defects in the ability to both respond to activation and subsequently
Fig. 2. The fraction of genes in V␣24J␣Q T cell clones altered by anti-CD3 treatments. Graphical representation of genes differentially expressed in natural killer
T cell clones derived from a diabetic͞nondiabetic twin pair. Clones ME10 (blue; IL-4-null) and GW4 (red; IL-4ϩ) were treated with control IgG (designated R for Resting) or anti-CD3 (designated A for Activated) for 4 h, after which RNA was isolated and analyzed on Genechips monitoring the expression of 6,800 human genes from the Unigene collection. Genes whose expression was modulated at least 2-fold in either clone were chosen for clustering analysis with the Self-Organizing Map algorithm (15) . This method was used to cluster genes into six distinct groups, based on differential expression patterns between ME10 and GW4, independent of expression magnitude. The first group displays the six patterns represented when all genes meeting the 2-fold change criterion are used. The other groupings reveal the differential expression patterns of selected gene functional classes. Individual genes of each functional class falling into the different clusters are identified in Table 1 .
Table 1. Genes differentially expressed between natural killer T cell clones ME10 and GW4
Functional category Accession no. 
secrete cytokines also were noted in the natural killer T cells of nonobese diabetic mice (19) . In addition, this combination of cytokines͞chemokines suggests that CD161ϩ T cells also may recruit and regulate immature dendritic cells and monocytes (our unpublished data). When comparing the IL-4ϩ and IL-4-null clones, significant differences in expression were noted in other genes important for cell survival, cytokine secretion, and calcium f lux that in part are activated through PI 3-kinase signaling, such as BCLxL, IAP, PLC␥1, and the tec family kinase, Itk (20 -23) . These transcripts were found at significantly greater abundance in the IL-4ϩ clone. Differences also were noted in the expression of mRNAs encoding transcription factors and signaling modulators important for cytokine secretion and Th phenotype. These included GATA3, STAT1, STAT4, JunB, JunD, and NFAT4. Notably, JunB and GATA3 recently were reported to be preferentially expressed in Th2 T cells (24, 25) . Transcriptional activation of GATA3, JunB, as well as JunD, was found selectively in the IL-4ϩ clone. The transcripts for STAT1 (IFN-␥ signaling), STAT4 (IL-12 signaling), and CD161 (a coactivator of V␣24J␣Q T cell proliferation and IFN-␥ secretion) (26 -28) were overexpressed in the IL-4-null clone relative to the those in the IL-4ϩ clone. Importantly, the transcription factor NFAT4, thought to act in part as a suppressor of IL-4 transcription (29, 30) , was overexpressed in the IL-4-null clone relative to the IL-4ϩ clone. Based on this data, the discordant regulation of other genes such as transcription factors might be predicted to be important for controlling Th phenotype. A model for regulated genes whose expression concurs with multiple independent biological observations is presented in Fig. 4 .
In summary, the transcriptional profile of activated V␣24J␣Q T cell clones revealed that the defect in IL-4 secretion seen in the clone from a diabetic patient (as compared with the identical nondiabetic twin) is only one of a large number of differences in gene expression. Importantly, differences were found in the expression of gene products whose activation in part is regulated by PI3-kinase, and they seem to be necessary for the generation of a fully differentiated V␣24J␣Q T cell. Finally, a variety of genes with unknown functions also were associated with T cell activation, a subset of which was not expressed in the IL-4-null clone. RNA was isolated, amplified, and hybridized to Genechips, displaying probes for 250 genes of immunological interest. This chip is custom designed for quantitative analysis by increasing the number of probes for the detection of each specific transcript. In the graph, the position of the black dot represents hybridization intensity for each gene before anti-CD3 stimulation, and a line is drawn to the position of hybridization intensity after stimulation. Genes that were called significantly different by a gene expression algorithm, and that changed by at least 2-fold, are indicated by a bold line. Upward-or downward-pointing arrowheads indicate increases or decreases in gene expression in the stimulated cells relative to the unstimulated cells. A, the transcript was not detected; TNF, tumor necrosis factor; LTN, lymphotactin; MIP, macrophage inflammatory protein; GM-CSF, granulocyte-macrophage colony-stimulating factor; M-CSF, macrophage colony-stimulating factor. 
Genes populating the six expression clusters for the 11 gene functional categories shown in Fig. 2 are listed. Each gene is identified by GenBank accession no. [or The Institute for Genomic Research (TIGR) identifier for HT designations], followed by a common name and the specific cluster into which it fell (row, column).
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